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Introduction
Aluminium and its alloys have numerous applications for mechanical and civil engineering. There are few reasons for this, but most important ones are excellent corrosion resistance to various environments, high specific strength, and great technological properties. [1] Aluminium alloys are generally easily cast, formed and machined, while joining can be done by nuts and bolts, adhesive bonding, and welding. In particular, welding is often used in automotive industry and vessel manufacturing. [2] However, welding of aluminium and its alloys is more complex than welding of most of the steels [3] . Among all reasons for this, main ones are: • Aluminium and its alloys have excellent heat conductivity, • In general, aluminium alloys are prone to hot cracking, • Aluminium and its alloys have relatively low melting point, generally between 480 and 660 °C, • Aluminium forms oxide layer on surface, with melting temperature slightly above 2,000 °C. Therefore, aluminium welding requires more detailed knowledge about alloy (in particular its chemical composition), specific equipment, precisely controlled welding conditions (i.e. welding parameters and composition of shielding gas), and well-trained welding personnel.
Many issues related to welding of aluminium and its alloys usually can be solved by precise control of heat input. If heat input is as low as possible, and as high as required, many adverse effects of welding can be avoided. That enabled solid state friction stir welding process, and its variants, to become often used to weld some aluminium alloys that previously were not easily weldable. [4, 5] However, this process still has certain disadvantages, leaving significant part of aluminium welding industry to fusion welding processes. Two main fusion welding processes are in use nowadays for aluminium and its alloys, tungsten inert gas welding (TIG or GTAW) and metal inert gas welding (MIG). [2] MIG process has evolved into several variants, each offering some advantages. The idea is to reduce heat input and avoid problems induced by it. [6] This is achieved by using digitally controlled heat sources, automatization, and welder/operator training. However, it requires significant investment in equipment and training. [7] Thus, it is necessary to carefully evaluate feasibility of such investment of each case of welding, independently and ubiasedly. The problem is to conclude when, and under which conditions, it is justified to use such unconventional equipment to make welds.
TIG and MIG welding processes
There are two main fusion welding processes used nowadays for welding of aluminium and its alloys, TIG and MIG. Both are using inert gases (usually argon, helium and their combinations) to shield the weld pool. Beside these, there are few other fusion processes applicable to aluminium, but they are used in specific situations and/or configurations. [3] TIG process is still predominantly manual welding process, highly dependent on welder's skills. It is often used where no other option is available, mostly in individual manufacturing, on-site and in shop floor conditions. Despite certain advantages, this process is slow, having very low deposition rate.
MIG process is mechanized by default, and used mostly in serial or mass production. Nevertheless, it can be used in individual production. It has significantly higher deposition rate than TIG. Several modifications of MIG process have been developed, but important one is pulsed MIG. [6] It is a variant of the conventional MIG welding process in which the current is pulsed. Pulsing was introduced to control metal transfer at low mean current levels by imposing shortduration high-current pulses. [8] The cycle consists of applying the repeated pulse current over a constant background current, as illustrates Figure 1 . Background current can be as low as 15 A. Modern welding sets permit the use of a wide range of pulse amplitudes, durations and waveforms at frequencies from a few Hertz to a few hundred Hertz. Pulse amplitude and duration are best combined to melt and detach a single droplet of the same/slightly smaller diameter as the electrode wire. Selection of pulse parameters for a given wire feed speed is a complex operation. Pulse height and duration are a function of wire composition, diameter and, to a lesser extent, shielding gas composition. Pulsing must provide enough heat to melt filler material (wire) and to detach exactly one drop of molten metal per pulse.
Generally, advantages of pulsed MIG welding are [8] : • It allows the use of smooth, spatter-free welding at mean currents, which would otherwise be too low for all except dip transfer with its irregular transfer and associated spatter. • Pulsing can extend spray operation below and through the natural transition from dip to spray where globular transfer would normally occur. • Pulsed transfer is midway between spray transfer and dip transfer mechanism, which can be too 'cold' (due to noncontinuous arcing, the arc effectively 'goes out' between each melting cycle). This makes it ideal for welding of thicker sections where more heat is needed but for which spray transfer is still too 'hot'. • Pulsed MIG allows welding at higher deposition rates for all positions where dip or spray transfer is not applicable.
Pulsed MIG is used mainly for welding of aluminium and stainless steel [8] . Since this process uses advanced electronics to control process, it is not economical to use where cheaper alternatives are available. Different manufacturers of welding equipment use various brand name for pulsed MIG, but the principle is the same [6, 9] .
As possible to see, pulsed MIG offers advantages when welding aluminium. It yields the lowest possible heat input, and most of the issues regarding unnecessarily high heat input are avoided. However, it has also few disadvantages. Production rate (meters of weld per minute) is lower than with dip transfer (i.e. MIG) due to decrease of wire feed rate as heat input increases, and there are limitations regarding usage of shielding gases in comparison with dip transfer. [10] 
Experiment
To compare feasibility of TIG, MIG and pulsed MIG welding, an experiment has been conducted. Samples of aluminium plates were welded, and visually examined afterwards. This ensures that all welds have comparable quality. Based on measured parameters, costs are calculated.
Although primary intention was to compare only MIG and pulsed MIG, it is decided to include TIG as well, since it is commonly used process for these base and filler materials. The investment in welding equipment and welder training is not considered here, because it can vary significantly from one manufacturer to other.
Welding of samples
Sheets of aluminium alloy 5754 (chemical composition given in Table 1 For each process several horizontal fillet welds were made, each 120 mm long, without weld preparation. All welds are made as single-pass. Table 2 gives data about filler materials for welding processes. They have been chosen according to recommendations of welding equipment or filler material manufacturers. Filler material for TIG process is Al 4043 wire (diameter 2.0 mm), and for MIG and pulsed MIG it is Al 5356 wire (dimeter 1.2 mm). Table 2 . Chemical composition of filler materials [12, 13] All welds were made in the laboratory, simulating shop floor conditions. Welding parameters were taken from welding procedure specifications where available, while other were chosen according to recommendations from either welding equipment or filler material manufacturer. They are given in Table 3 . Shielding gas for all processes is argon. Table 3 . Welding parameters [11] [12] [13] Prior to welding, aluminium sheets were cleaned with trichloroethylene, rinsed with distilled water, dried, and then cleaned with stainless steel brush. [14] In this way, parameters for all evaluated processes are as close to each other as possible, yet within recommended boundaries. Therefore, it is possible to make fair comparison of weld quality, efficiency and price.
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Examination of samples
This step is required to ensure that all welds have comparable quality level in accordance with ISO 10042 (Welding -Arc-welded joints in aluminium and its alloys -Quality levels for imperfections). Welds were evaluated visually after welding and, additionally, cross-sections were cut from each weld to evaluate weld geometry and porosity. Samples were visually examined in accordance with ISO 17637 (Non-destructive testing of welds -Visual testing of fusionwelded joints). Macro sections have been prepared and examined in accordance with ISO 17639 (Destructive tests on welds in metallic materials -Macroscopic and microscopic examination of welds).
Most importantly, no cracks have been detected in welds. After cutting and polishing of cross-section specimens, porosity has been found only in MIG welds, with dimensions that correspond to quality level B and coverage of approximately 0.5 %. Geometry of welds has been examined as well. All welds are symmetrical, with properly made root and full penetration. No root gap or excessive convexity has been detected.
It should be noted that ISO 10042 governs significantly more imperfections than examined in this study, but not all of them are always required to be analysed. Also, there are some imperfections not described or defined, e.g. spattering. Only MIG welds had some spattering, while no other welds had other imperfections described by ISO 17637.
Aesthetically, all welds look acceptable, but it should be noted that this is rather subjective evaluation. TIG welds are superior. Welds made with pulsed MIG are slightly behind, and welds made with MIG are last (due to spattering).
Calculation of welding costs
Welding costs are one of the most important and limiting factors of application of certain welding process. A rather simple method has been employed to calculate welding costs of three chosen processes. [15, 16] Simple method has been chosen since it is illustrative enough, yet avoiding relatively complicated cost calculation with amortization rates and additional expenses. Later, costs will be shown as relative to each other and mutually compared.
Costs calculated in this study include only direct costs of filler material, shielding gas, electricity and welder. As mentioned before, investments required for equipment and welder's training are not included. Costs of pre-heating and post-weld heat treatment are not included as well.
All costs were calculated using parameters measured during and after welding. Current and voltage were measured by independent devices. Weight of deposited metal has been determined by weighing samples before and after welding. Shielding gas flow was measured at reduction valve (TIG) and welding apparatus (MIG and pulsed MIG).
Results and discussion
As demonstrated, it is possible to successfully utilize all three analysed fusion welding processes of aluminium alloy 5754 in given conditions. Regarding filler metal, it is enough to follow recommendations of their manufacturers. There is enough sources that recommend welding parameters (available welding procedure specifications, equipment and filler material manufacturers). Generally, this should not be concern when welding easily weldable and widely used aluminium alloy. Problems are likely to occur when welding rather obscure and rare aluminium alloy.
All three processes gave similar weld quality. After visual examination of welds and cross-sections, no unacceptable imperfections have been found. Based on examination done, all welds could fit into class B (highest quality class) according to ISO 10042. The only difference in welds is subjective, and it considers aesthetical appearance of welds. Considering this as criteria, TIG has the best look, while MIG, due to spattering, has the worst. However, all of them are acceptable. It can be concluded that all three analysed processes give adequate weld quality under described conditions.
Analysing welding costs shown that values of MIG and pulsed MIG are similar, while those for TIG are generally higher. To illustrate that, Figure 2 shows total costs of welding and costs of welder, while Figure 3 shows costs of filler material and shielding gas. Relative scaling is applied, where the most expensive process represents 100 %. As noticeable, TIG has the highest welding costs. That is mainly because it is fully manual process, with very low deposition rate. That significantly increases welding time (arc time) leading to increased costs of welder and shielding gas. However, it has slightly lower costs of filler material. This is because there is no spattering and because it is partly autogenous welding process (i.e. filler material is not absolutely necessary all time). However, TIG would not be used for this weld anyway. Here is included to show more superior characteristics of MIG and pulsed MIG when applied for considered conditions. Deposition rates, which can be obtained through welder's costs (Figure 2) , of MIG and pulsed MIG are close. So are the total welding costs.
It is necessary to bear in mind that this evaluation does not include expenses required for equipment and training. If that is taken into account, pulsed MIG costs would go significantly higher.
Conclusion
There are several fusion welding processes applicable for welding of aluminium alloy 5754. Among others, there are MIG, TIG and pulsed MIG, latter offering significant advantages regarding heat input. However, more factors should be considered when evaluating feasibility of certain welding process (e.g. costs and production time). To evaluate abovementioned processes, an experiment has been conducted. Plates of aluminium alloy 5754 with thickness of 4.0 mm have been welded and welds examined. Based on information obtained through this experiment, feasibility in given conditions has been estimated. All three processes have similar output, with welds of acceptable quality and look. Subjectively, TIG welds have the best appearance, with pulsed MIG slightly behind. However, pulsed MIG requires significantly higher investment in equipment and training than other two processes. MIG and pulsed MIG shown similar deposition rates and costs for sheets of average thickness (e.g. 4 mm, as in this study), so it can be concluded that the most feasible process in this case would be MIG. Advantages offered by pulsed MIG could be visible in other conditions. That includes thin aluminium sheets (e.g. 1 mm), specific welding positions, or specific products where heat input is strictly limited (e.g. measuring equipment). Further research, including welding of other aluminium alloys, could confirm this by conducting similar experiment.
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